Chronic kidney disease (CKD) is a public health epidemic that increases risk of death due to cardiovascular disease. Left ventricular hypertrophy (LVH) is an important mechanism of cardiovascular disease in individuals with CKD. Elevated levels of FGF23 have been linked to greater risks of LVH and mortality in patients with CKD, but whether these risks represent causal effects of FGF23 is unknown. Here, we report that elevated FGF23 levels are independently associated with LVH in a large, racially diverse CKD cohort. FGF23 caused pathological hypertrophy of isolated rat cardiomyocytes via FGF receptor-dependent activation of the calcineurin-NFAT signaling pathway, but this effect was independent of klotho, the coreceptor for FGF23 in the kidney and parathyroid glands. Intramyocardial or intravenous injection of FGF23 in wild-type mice resulted in LVH, and klotho-deficient mice demonstrated elevated FGF23 levels and LVH. In an established animal model of CKD, treatment with an FGF-receptor blocker attenuated LVH, although no change in blood pressure was observed. These results unveil a klotho-independent, causal role for FGF23 in the pathogenesis of LVH and suggest that chronically elevated FGF23 levels contribute directly to high rates of LVH and mortality in individuals with CKD.
Introduction
Chronic kidney disease (CKD) is a global public health problem that is estimated to affect approximately 26 million Americans and many more individuals worldwide (1) . The presence of CKD increases risk of premature death, and cardiovascular disease is the leading cause at all stages of CKD (2). Left ventricular hypertrophy (LVH) is an important mechanism of cardiovascular disease in CKD that contributes to diastolic dysfunction, congestive heart failure, arrhythmia, and sudden death (3) . Compared with a prevalence of 15%-21% in the general population (4), LVH affects 50%-70% of patients during intermediate stages of CKD and up to 90% of patients by the time they reach dialysis (5-7). Although traditional risk factors, such as chronic hypertension, contribute to high rates of LVH in CKD, the regression of LVH after kidney transplantation suggests other CKD-specific risk factors that remain poorly defined (8, 9) . Discovery of additional mechanisms of LVH is needed to identify novel therapeutic targets for reducing the burden of cardiovascular disease in CKD.
The family of FGFs consists of 23 proteins that regulate cell proliferation, migration, differentiation, and survival (10) . FGF2 is the prototypical FGF. It is expressed by many cell types, including cardiomyocytes and fibroblasts, which also express FGF receptors (FGFRs) (11, 12) . FGF2 causes cardiac hypertrophy by inducing changes in gene expression that are simi-lar to those caused by chronic pressure overload (13) (14) (15) (16) . This results in "pathological" LVH that is characterized by increased extracellular matrix deposition, hypertrophy, and apoptosis of individual myocytes and increased risk of congestive heart failure and death (17) . The calcineurin-nuclear factor of activated T cells (calcineurin-NFAT) and MAPK signaling cascades are central regulators of pathological hypertrophy (18) (19) (20) , which is distinct from "physiological" hypertrophy that occurs as an appropriate adaptive response to aerobic conditioning or pregnancy (17) . In these settings, activation of phosphoinositide-3-kinase-Akt (PI3K-Akt) signaling stimulates growth of cardiomyocytes in the absence of excessive extracellular matrix deposition or myocyte apoptosis (17, 21) .
FGF23 is the most recently discovered FGF (22) . Unlike FGF2 and other canonical FGFs, which exert their paracrine and autocrine effects by binding heparan sulfate in the extracellular matrix (23) , topological differences in the heparin-binding region of FGF23 enable it to avoid capture in the extracellular matrix (24) . As a result, FGF23 functions as an endocrine hormone that regulates phosphorus homeostasis through binding to FGFR and klotho, its coreceptor in the kidney and parathyroid glands (25, 26) . The primary physiological actions of FGF23 are to augment phosphaturia by downregulating expression of sodium-phosphate cotransporters in the renal proximal tubule and to decrease circulating concentrations of 1,25-dihydroxyvitamin D by inhibiting renal expression of the 1,25-dihydroxyvitamin D-synthesizing CYP27B1 (1-α-hydroxylase) and stimulating expression of the catabolic CYP24 (24-hydroxylase) (27, 28) .
Circulating concentrations of FGF23 increase progressively as the renal capacity for phosphorus excretion declines (29) . FGF23 levels are often 2- to 5-fold above the normal range during early and intermediate stages of CKD, but can reach levels 1,000-fold above normal in advanced renal failure (30, 31) . While compensatory increases in FGF23 levels help patients with CKD to maintain normal serum phosphate levels, despite even severely reduced renal function (30) , recent prospective studies of CKD and non-CKD patients demonstrated a dose-dependent association between elevated FGF23 levels and greater risks of major cardiovascular events and mortality (32) (33) (34) (35) . A plausible explanation linking high FGF23 to greater cardiovascular risk was offered by studies in which elevated FGF23 was independently associated with greater left ventricular mass and greater prevalence of LVH (36, 37) . However, these small cross-sectional studies were unable to determine whether FGF23 directly contributes to LVH or is simply a biomarker of toxicity of other factors. In this report, we investigate the role of FGF23 in the pathogenesis of LVH in human and experimental studies. Using a large, nationally representative, racially diverse cohort of patients with CKD, we confirm that FGF23 levels and rates of LVH are elevated in CKD and that elevated FGF23 is independently associated with LVH. We demonstrate that FGF23 directly induces pathological hypertrophy of isolated cardiomyocytes and that mice develop LVH after intraventricular or intravenous injection of FGF23. We report that klotho-deficient mice, an established animal model for constitutively elevated FGF23 levels, develop LVH, and klotho heterozygotes manifest FGF23 levels and an LVH phenotype that are intermediate between those of wild-type and klotho-deficient mice. Finally, we demonstrate that administering an FGFR blocker to the 5/6 nephrectomy rat model of CKD attenuates the severity of LVH, without reducing the animals' markedly elevated blood pressure. These results establish a direct causal role for elevated FGF23 in the pathogenesis of LVH and suggest a novel mechanism to explain the high rates of LVH in patients with CKD.
Results
Circulating FGF23 levels are increased in CKD and independently associated with LVH. We measured FGF23 levels in baseline plasma samples from 3,070 individuals who underwent echocardiography 1 year later as part of the prospective Chronic Renal Insufficiency Cohort (CRIC) study. The participant population was 46% women, 42% black, and 13% Hispanic, with a median age of 60 years, median blood pressure of 125/71 mmHg, and a median estimated glomerular filtration rate of 42 ml/min/1.73 m 2 . The median plasma FGF23 level of 142 RU/ml was more than 3-fold greater than that in previous studies of predominantly non-CKD populations ( Figure 1A and ref. 34 ). The mean (± SEM) left ventricular ejection fraction was 54% ± 0.2%, left ventricular mass indexed to height 2.7 (LVMI) was 52 ± 0.3 g m -2.7 (normal range, <50 in men; <47 in women), and LVH was present in 52% of participants.
The left ventricular ejection fraction was modestly lower in the highest versus the lower quartiles of FGF23 levels ( Figure 1B ), while the LVMI increased with increasing FGF23 quartiles ( Figure 1C ). Each unit increase in natural log-transformed FGF23 (lnFGF23) was associated with a 5.0 g m -2.7 greater LVMI (95% CI, 4.4-5.7; P < 0.001). The prevalence of normal left ventricular geometry decreased with increasing quartiles of FGF23, while the prevalence of eccentric and concentric LVH increased ( Figure 1D ). Each unit increase in lnFGF23 was associated with a 2.5-fold greater relative risk (RR) of eccentric hypertrophy and concentric hypertrophy (95% CI, 2.1-3.0; P < 0.001) compared with normal ventricular geometry.
Multivariable analyses that adjusted for age, sex, race, ethnicity, weight, smoking, systolic blood pressure, history of cardiovascular disease, diabetes, total cholesterol, estimated glomerular filtration rate, hemoglobin, albuminuria, parathyroid hormone (PTH), and serum phosphate demonstrated that elevated FGF23 was independently associated with increased LVMI (1.5 g m -2.7 greater LVMI per unit increase in lnFGF23, 95% CI, 0.8-2.2; P < 0.001) and conferred greater risk of eccentric and concentric LVH (RR 1.5 per unit increase in lnFGF23; 95% CI, 1.3-1.9; P < 0.001). In addition to elevated FGF23, older age, black race, Hispanic ethnicity, prior history of cardiovascular disease, higher blood pressure and body weight, and higher levels of proteinuria were also associated with eccentric and concentric LVH in the full multivariable model. The independent association between higher FGF23 and LVH was not modified by gender, race, ethnicity, CKD stage, treatment with antihypertensive agents, or a history of hypertension, diabetes, or prior cardiovascular events (data not shown). Furthermore, the results were unchanged when we adjusted for levels of 25-hydroxyvitamin D and 1,25-dihydroxyvitamin D in the subset of 1,342 participants for whom these were available (data not shown). These results indicate a robust association between FGF23 and LVH in patients with CKD across a broad range of kidney function.
Elevated FGF23 is associated with increased risk of new-onset LVH in CKD. Next, we prospectively examined whether elevated FGF23 is a risk factor for new-onset LVH in the 411 CRIC participants, who had normal left ventricular geometry on their baseline echocardiogram and underwent a second study 2.9 ± 0.5 years later. Eighty-four participants (20%) developed new-onset LVH. Elevated FGF23 levels at baseline were associated with increased future risk of new-onset LVH when FGF23 was expressed on a continuous scale (RR 2.4 per unit increase in lnFGF23; 95% CI, 1.6-3.6; P < 0.001) or in categories (RR 2.4 for the highest versus the lower FGF23 quartiles; 95% CI, 1.3-4.3; P = 0.004). Among the 411 CRIC participants with followup echocardiograms, 138 had no history of hypertension, 18 (13%) of whom developed new-onset LVH. Within the normotensive subgroup, each unit increase in lnFGF23 was associated with a 4.4-fold greater risk of new-onset LVH (95% CI, 1.8-10.6; P = 0.001), and the highest FGF23 quartile had a 7.0-fold greater risk compared with that of the lower quartiles (95% CI, 2.1-23.6; P = 0.002). These data confirm that elevated FGF23 levels can precede the development of LVH in patients with CKD with and without hypertension.
FGF23 induces hypertrophy and activates prohypertrophic gene programs in isolated neonatal cardiomyocytes. We tested the hypothesis that the independent association between elevated FGF23 levels and increased risk of LVH in patients with CKD is mediated by a direct effect of FGF23 on cardiomyocytes. We compared the response of isolated neonatal rat ventricular cardiomyocytes (NRVMs) to 48 hours of treatment with FGF23 versus FGF2 at concentrations that induced hypertrophy in previous studies of FGF2 (13, 38) . Since the development of LVH involves an increase in the contractile machinery and thus sarcomere number (17), we analyzed the expression of α-actinin, which anchors actin filaments to the sarcomeric Z-disc (39) . Immunocytochemical and morphometric analyses revealed a dose-dependent, significant increase in cell surface area in response to FGF23 and FGF2 (Figure 2 , A and B), while immunoblotting showed an increase in α-actinin protein levels ( Figure 2C ), indicative of increased sarcomeric content. In contrast to FGF23 and FGF2, we observed no change in the size of cardiomyocytes in response to FGF4 (data not shown).
Since these findings suggest induction of hypertrophic growth of NRVMs, we used RT-PCR analysis to determine expression levels of established markers of pathological cardiac hypertrophy after FGF treatment ( Figure 2D ). Expression of adult α-myosin heavy chain (α-MHC) decreased while expression of fetal β-myosin heavy chain (β-MHC) increased after FGF23 and FGF2 treatment. This switch
Figure 1
Elevated circulating FGF23 levels are associated with LVH in patients with CKD. (A) The distribution of FGF23 levels in baseline samples of 3,070 participants who enrolled in the CRIC study and underwent echocardiography 1 year later. The median FGF23 was 142 RU/ml. Fifty-eight participants with FGF23 of more than 1,000 RU/ml (range 1,054-14,319 RU/ml), who were included in the analysis, are not shown here. (B) Ascending quartiles of FGF23 were associated with significantly decreased ejection fraction (P for linear trend < 0.001), but the differences between groups were modest, and the mean (± SEM) ejection fraction for each quartile was normal (>50%). (C) Ascending quartiles of FGF23 were associated with significantly increased mean (± SEM) left ventricular mass index (P for linear trend < 0.001). (D) With increasing quartiles of FGF23, the prevalence of concentric (gray) and eccentric (green) LVH increased at the expense of normal left ventricular geometry (white) and left ventricular remodeling (blue) (P < 0.001). Numbers in the bars represent the percentages of prevalence for each condition. from adult to fetal MHC isoforms indicates reactivation of fetal gene programs that are associated with cardiac hypertrophy (40) (41) (42) (43) . In addition, FGF23 and FGF2 treatment increased expression of atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP), which are established markers of LVH (43, 44) . FGF23 and FGF2 treatment also decreased expression of medium chain acyl-CoA dehydrogenase (MCAD), an enzyme that regulates fatty acid oxidation. Cardiomyocytes that undergo hypertrophy shift their primary energy source from fatty acids to carbohydrates (45) , which is marked by reduced expression of MCAD (46) . Collectively, these data demonstrate that FGF23 exerts direct hypertrophic effects on isolated NRVMs.
FGF23-mediated hypertrophy is FGFR dependent but klotho independent. Klotho is the primary coreceptor for FGF23 in the kidney and parathyroid glands, but it is not expressed in cardiomyocytes (25, 47) . To confirm that the observed hypertrophic response of NRVMs to FGF23 treatment was independent of klotho, we analyzed klotho expression by nested RT-PCR using 2 sets of klotho-specific primers in 2 consecutive PCRs in order to detect even the smallest amounts of cDNA. We detected klotho (Kl) mRNA in mouse brain and kidney, which are known to express the protein (25) , but not in isolated NRVMs or total heart preparations ( Figure 3A) .
The biological functions of FGFs are mediated by FGFR1-FGFR4, which are members of the receptor tyrosine kinase family (48) . FGF23 can bind the FGFR isoforms with varying affinity (49, 50), and we detected expression of all isoforms in liver, isolated NRVMs, and total murine heart ( Figure 3B ). To determine, whether the prohypertrophic effect of FGF23 on cardiomyocytes is dependent on FGFR, we cotreated isolated NRVMs with FGF23 or FGF2 and the pan-FGFR inhibitor PD173074 (51) . The presence of PD173074 blocked FGF23- and FGF2-induced increases in cell surface area, regardless of FGF concentration ( Figure 3C ). These findings demonstrate that FGF23 induces hypertrophy of isolated NRVMs via FGFR activation but through a klotho-independent pathway.
Activation of isolated NRVMs by FGF23 and FGF2 uses distinct signaling pathways. FGFR signaling involves activation of the MAPK cascade,
in which the ERK plays a central role (10, 52) . Once phosphorylated
Figure 4
Intramyocardial injection of FGF23 induces LVH in mice. (A) Intramyocardial injection of FGF23 induces a significantly increased ratio of heart weight to tibial length by day 14 (*P < 0.01, compared with vehicle). (B) Intramyocardial injection of FGF23 induces significantly increased thickness of the left ventricular free wall that is detectable at day 7 and progresses by day 14. Hypertrophy is significantly more pronounced at the injection site in the free wall compared with the interventricular septum at 14 days (*P < 0.01, compared with vehicle at corresponding date and site; **P < 0.01, comparing free wall to septum). (C) Representative gross pathology section from the cardiac mid-chamber (MC; hematoxylin and eosin stain; original magnification, ×5; scale bar: 200 μm) and WGA-stained sections from the mid-chamber free wall (original magnification, ×63; scale bar: 50 μm) demonstrate FGF23-indcued LVH at 14 days, confirmed by M-mode echocardiography. (D) Intramyocardial injection of FGF23 induces significantly increased cross-sectional surface area of individual cardiomyocytes (*P < 0.01, compared with vehicle; **P < 0.01, comparing day 14 versus 7). (E) Echocardiography at baseline and at 1 and 2 weeks after injection of FGF23 or vehicle reveals no change in ejection fraction but significantly decreased left ventricular internal diameter in diastole and increased relative wall thickness by day 14 in the mice injected with FGF23, consistent with concentric LVH (*P < 0.01, compared with vehicle). All values are mean ± SEM; n = 3 mice per group for morphological analyses; n = 100 cells per group for WGA analysis.
in cardiomyocytes, ERK activates a wide array of targets (19, 53, 54) , including the early growth response 1 (Egr-1) transcription factor (55), and additional downstream target genes that promote hypertrophy. Since FGF2 uses ERK as a downstream mediator of its hypertrophic effect in cardiomyocytes (56) , and FGF23 signals via ERK activation in its primary target cells (25, 26) , we tested whether FGF23 also activates ERK in isolated NRVMs. As expected, FGF2 stimulated a robust increase in phosphorylated ERK, the activated kinase form, while total ERK levels did not change ( Figure 3D ). In addition, FGF2 stimulated an increase in Egr-1 expression levels ( Figure 3D ). In contrast, we detected only a modest increase in phosphorylated ERK and Egr-1 levels in isolated NRVMs treated with FGF23 ( Figure 3D ). Consistent with these data, when we cotreated isolated NRVMs with the ERK inhibitors U0126 or PD98059, FGF2-induced hypertrophy was completely prevented, whereas FGF23-induced hypertrophy was only partially diminished ( Figure 3C ). These data suggest that, whereas the MAPK cascade is a dominant signaling pathway of FGF2-mediated cardiac hypertrophy, FGF23 appears to use additional signaling pathways.
To identify alternative signaling cascades underlying FGF23-induced hypertrophy of cardiomyocytes, we studied PLCγ, which is another downstream mediator of FGFR signaling (10) . Treatment with the PLCγ inhibitor, U73122, attenuated FGF23-mediated hypertrophy but had no effect on FGF2-treated cells ( Figure 3C ). The calcineurin-NFAT cascade is an important downstream target of PLCγ (57) that is involved in pathological LVH (43, 58) . The presence of the calcineurin inhibitor, cyclosporine A, attenuated FGF23-mediated hypertrophy to a virtually identical extent as U73122 but had no effect on FGF2-treated cells ( Figure 3C ). Consistent with the inhibitor data, FGF23 but not FGF2 treatment significantly increased NFAT activity in C2C12 myoblasts stably transfected with an NFAT-responsive luciferase reporter (59) , while the presence of cyclosporine A blocked the effect ( Figure 3E ). These data indicate that the PLCγ-calcineurin-NFAT axis is a dominant signaling pathway of FGF23-mediated hypertrophy of NRVMs.
Finally, we analyzed the PI3K-Akt signaling axis, which has been implicated in the development of physiological rather than pathological hypertrophy of cardiomyocytes (17, 60) . The presence of the PI3K inhibitor, wortmannin, or the Akt inhibitor, A6730, partially attenuated FGF2-induced hypertrophy but did not significantly alter hypertrophic growth of FGF23-treated cells ( Figure 3C ). Consistent with this finding, FGF2 but not FGF23 stimulated a modest increase in phosphorylated Akt, the activated kinase form ( Figure 3F ). Based on these data, we conclude that activation of the PI3K-Akt signaling cascade is not involved in FGF23-mediated cardiac hypertrophy.
Direct myocardial delivery of FGF23 induces LVH in mice. To determine whether the direct prohypertrophic effect of FGF23 on isolated NRVMs could be replicated in vivo, we injected recombinant FGF23 protein directly into the left ventricular myocardium of mice. Using a standard procedure for implanting stem cells into murine hearts in vivo (61), we delivered 7.5 ng FGF23 dissolved in 30 μl PBS, or 30 μl PBS alone, via 3 separate injection sites (10 μl each) into the anterior wall of the left ventricle of adult wild-type mice. This approach allowed the direct delivery of FGF23 into the myocardium and thereby minimized confounding by FGF23-induced changes in circulating concentrations of other mineral metabolites that are regulated by FGF23 and could impact the development of LVH. Serologic testing confirmed minimal systemic absorption of FGF23, as there was no increase in serum levels of FGF23, and there were no significant differences in serum phosphate, calcium, PTH, or creatinine between the FGF23- and vehicle-injected animals at days 7 and 14 after injection (data not shown).
The ratio of heart weight to tibial length, an established measure of cardiac hypertrophy (62) (63) (64) , was significantly increased at day 14 after FGF23 injection compared with that after vehicle injection ( Figure 4A ). Compared with vehicle, FGF23 induced a significant increase in left ventricular free wall thickness at day 7, which increased further by day 14 ( Figure 4B) . Thickness of the interventricular septum was also significantly increased by day 14 after FGF23 injection compared with that after vehicle injection, but the thickness of the ventricular free wall, in which FGF23 was injected, was significantly greater than the septum at day 14 ( Figure 4B ). This suggests a gradient of effect related to the proximity to the injection sites in which the concentration of FGF23 was likely highest. Representative gross pathology tissue sections demonstrated FGF23-mediated LVH characterized by thickened ventricular walls and reduced internal chamber diameter ( Figure 4C ). Microscopic analysis of cardiomyocytes stained with a fluorochrome-labeled wheat germ agglutinin (WGA) revealed a significant increase in cross-sectional surface area, indicating hypertrophic growth of individual myocytes ( Figure 4 , C and D). Echocardiography data revealed no change in ejection fraction over time in FGF23- or vehicle-injected mice, but left ventricular internal diameter in diastole was significantly decreased, while relative wall thickness (ratio of wall thickness to internal chamber diameter) was increased by day 14 in the mice injected with FGF23 ( Figure 4 , C and E). Consistent with the in vitro results, cardiac injections of FGF23 caused a decrease in α-MHC and MCAD mRNA levels and an increase in expression of β-MHC, ANP, and BNP (data not shown). In addition, Kl was not detected in the mouse hearts at baseline, and its expression was not induced at 7 or 14 days after injection (data not shown). From these data, we conclude that FGF23 directly induces LVH in vivo independently of klotho.
High systemic levels of FGF23 result in LVH in mice. The local concentration of FGF23 in the left ventricle after intramyocardial injection was likely substantially higher than in physiological and pathological states. Therefore, we administered FGF23 protein intravenously to determine whether systemically elevated FGF23 levels could also induce LVH. We injected 40 μg/kg of recombinant FGF23 protein dissolved in 200 μl of PBS into the tail vein of adult wild-type mice twice daily for 5 days, with 8 hours between daily doses. This dose of FGF23 was chosen based on published reports in which a similar dose stimulated ERK phosphorylation and increased Egr-1 expression in klotho-expressing target organs of FGF23 (25) . The frequency of injections was chosen based on a pharmacokinetic study of adult wild-type rats, in which we injected a single dose of 40 μg/kg FGF23. The half-life of circulating FGF23 was 30 minutes, and serum levels remained elevated above baseline at 4 hours after injection (data not shown). Therefore, we estimated that 2 daily injections of 40 μg/kg would likely produce elevated FGF23 levels for at least 8 hours per day in mice. Control animals underwent the same injection schedule using 200 μl of PBS alone. On the morning of day 6, serum was collected for assay of FGF23, mice were sacrificed, and the hearts were examined. Serum FGF23 levels measured at the time of sacrifice (16 hours after the final injection) were significantly increased compared with those of vehicle-injected mice ( Figure 5A ), which indicates that FGF23 levels were likely persistently elevated throughout the study period. Compared with vehicle-injected mice, FGF23-injected mice developed a significantly increased ratio of heart weight to tibial length ( Figure 5B Figure 5F ). These results demonstrate that intravenous injection of FGF23 increases serum levels and yields an LVH phenotype that is similar to that induced by direct intramyocardial injection of FGF23.
LVH develops in a genetic mouse model of elevated FGF23. To determine whether LVH develops in a murine model of constitutively elevated FGF23 levels, we analyzed klotho-deficient (kl/kl) and klotho heterozygous (kl/+) mice. Kidneys of kl/kl mice are resistant to the phosphaturic effect of FGF23, which results in significant increases in circulating FGF23 levels (25) . Consistent with previous studies (47), kl/kl mice were significantly smaller (9.7 ± 0.2 g) than kl/+ mice (25.3 ± 0.7 g) and wild-type mice (24.3 ± 0.5 g; P < 0.01 for each comparison) at 12 weeks of age. Serum FGF23 levels were more than 15-fold elevated in kl/kl mice and 3-fold elevated in kl/+ mice compared with those in wild-type mice ( Figure 6A ). Serum 1,25-dihydroxyvitamin D and phosphate levels were also significantly elevated in kl/kl mice compared with those in wild-type mice but not in kl/+ mice ( Figure 6A ). There were no significant differences in PTH levels among genotypes (data not shown). Blood pressure did not differ at 6 weeks of age between kl/+ mice and wild-type mice (109 ± 11 mmHg versus 107 ± 9 mmHg) but was significantly higher in kl/+ mice than in wild-type mice at 12 weeks (123 ± 14 mmHg versus 108 ± 11 mmHg; P < 0.05). Due to their small size, we could not measure blood pressure in kl/kl mice.
Representative pathology sections at 12 weeks of age demonstrated LVH in kl/kl mice compared with wild-type mice ( Figure 6B ). Although absolute left ventricular wall thickness was highest for kl/+ mice, followed by kl/kl mice, and then wild-type mice (Figure 6C ), the ratio of cardiac weight standardized to total body weight was highest in kl/kl mice ( Figure 6D ). When compared with that of wild-type mice, kl/kl mice manifested significantly increased relative wall thickness ( Figure 6E) , increased cross-sectional surface area of individual cardiomyocytes ( Figure 6F ), and changes in gene expression that are characteristic of LVH and similar to those we observed in NRVMs and mice that underwent intramyocardial or intravenous injection of FGF23 ( Figure 6G ). Interestingly, morphological WGA staining and mRNA analyses of kl/+ mice also revealed an LVH phenotype but in a pattern that was intermediate between kl/kl and wild-type mice (Figure 6, B-G ). These results demonstrate that an established genetic animal model of elevated serum FGF23 levels develops LVH in a dose-dependent fashion.
FGFR activity is required for the development of LVH in a rat model of CKD. Since the cardiac effects of FGF23 are mediated by FGFR activation and could be blocked in vitro by the FGFR inhibitor PD173074, we tested the hypothesis that PD173074 could also attenuate LVH in the 5/6 nephrectomy rat model of CKD, which is known to develop increased FGF23 levels, severe hypertension, and LVH (65, 66) . We performed 5/6 nephrectomy in male Sprague Dawley rats using standard surgical techniques (65) and administered by intraperitoneal injection either 1 mg/kg body weight/d of PD173074 dissolved in PBS (n = 6) or vehicle alone (n = 6), beginning 1 hour after surgery and continued daily for 14 days. As a negative control, 6 rats underwent sham nephrectomy. At day 14 after surgery, we measured blood pressure, performed echocardiograms, collected blood for laboratory testing, sacrificed the animals, and examined their hearts.
Immunoblotting revealed decreased hepatic expression of p-ERK protein levels in the rats that received PD173074 compared with those in the sham and 5/6 nephrectomized rats, indicating effective blockade of canonical FGFR-dependent MAPK signaling (data not shown). Renal function was significantly impaired and serum FGF23 levels were significantly elevated in the animals that underwent 5/6 versus sham nephrectomy, but there were no differences between the 5/6 nephrectomized animals that received PD173074 or vehicle (Table 1) . Similarly, blood pressure was markedly increased in animals that underwent 5/6 versus sham nephrectomy, but no difference was detected between the 5/6 nephrectomy groups ( Table 1) .
The 5/6 nephrectomized animals that received vehicle developed LVH compared with those that received sham surgery, but LVH was significantly attenuated in the animals that were injected with PD173074. Compared with vehicle treatment, PD173074 treatment led to decreased left ventricular mass, reduced ratio of heart weight to total body weight, decreased left ventricular wall thickness and relative wall thickness, decreased cross-sectional surface area of individual cardiomyocytes, and increased left ventricular end diastolic volume and ejection fraction (Figure 7 , A-C). Compared with sham, 5/6 nephrectomy led to increased cardiac expression of β-MHC and ANP and decreased expression of MCAD mRNA levels, each of which was not observed in PD173074-injected animals (data not shown). These data indicate that blocking FGFR attenuates the development of LVH in a well-established animal model of CKD with elevated FGF23 levels, despite having no effect on the severity of CKD or hypertension.
Discussion
In the largest human study of FGF23 and cardiac structure to date, we confirm previous reports of an independent association between elevated FGF23 levels and greater risk of LVH, which was present in 52% of patients compared with 15%-21% of the general population (4) . In a prospective analysis of those patients with CKD who had normal left ventricular geometry at baseline, elevated FGF23 levels were also associated with increased future risk of new-onset LVH. Using in vitro studies and complementary animal models, we extended these results by demonstrating that FGF23 causes pathological cardiac hypertrophy directly. We showed that the cardiac hypertrophic effects of FGF23 are mediated by FGFR-dependent activation of the calcineurin-NFAT signaling cascade but do not require klotho as coreceptor. We further demonstrated that blocking FGFR signaling can prevent LVH independently of blood pressure in an established animal model of CKD that is characterized by elevated FGF23 levels, severe hypertension, and LVH. By demonstrating direct pathological effects of FGF23 on the heart, we believe that these data uncover a novel mechanism of LVH and novel aspects of the biology of FGF23 that reposition it from biomarker of cardiovascular risk to mechanism of disease and, thus, potential target for clinical intervention.
Klotho is a transmembrane protein expressed primarily in the kidney and parathyroid glands, in which it acts as a coreceptor to increase the binding affinity of FGF23 for FGFR (25, 26) . In addition, a circulating soluble form of klotho that is derived from cleavage of the extracellular domain or alternative splicing acts as an endocrine hormone involved in calcium and phosphate homeostasis (67) . Although it has been assumed that FGF23 cannot exert biologically relevant effects in the absence of klotho, we demonstrate that FGF23 induces hypertrophy of cardiomyocytes that do not express klotho and is associated with LVH in mice that lack klotho. The observation of LVH in klotho-deficient mice is particularly important, because it minimizes the likelihood that soluble klotho acted as a coreceptor for FGFR signaling in the mice that developed LVH after intramyocardial and intravenous injection of FGF23. Another finding which be believe to be novel is that klotho heterozygotes manifest FGF23 levels and a cardiac phenotype that are intermediate between those of klotho-deficient mice and wild-type mice. Unlike klotho-deficient mice, LVH develops in the heterozygotes in the absence of a significant increase in serum phosphate. The identification of dose-response effects for both FGF23 levels and endowment of normal klotho gene copies that are independent of serum phosphate strengthens our results.
In its classic target organs, FGF23 binds FGFR-klotho complexes and activates the MAPK cascade, leading to increased ERK activation and Egr-1 expression (25, 27, 47) . The widely held view that other organs are not capable of responding to FGF23 emerged from studies that defined FGF23 responsiveness based on presence or absence of organ-specific activation of ERK and Egr-1 after intravenous administration of FGF23 (25, 68) . We confirm that FGF23 does not increase cardiac expression of Egr-1 (25); however, it exerts biological effects nonetheless. We conclude that analyses of klotho expression, ERK activity, or Egr-1 expression alone may be inadequate reporter assays to assess FGF23 responsiveness. Furthermore, since the presence of klotho is not an absolute prerequisite for biological activity of FGF23, we believe our results open new avenues for investigating FGF23 "toxicity" in other nonclassic target organs.
We propose 2 mechanisms to explain klotho-independent, FGF23-induced LVH. First, low-affinity binding of FGF23 to FGFR (50, 69) may be adequate to induce LVH when there is a protracted period of cardiac exposure to high concentrations of FGF23, such as in CKD. FGF23 toxicity may be accentuated further in patients with CKD in whom klotho expression is downregulated in the kidney and parathyroid glands (67, 70) , which could enhance promiscuous binding of FGF23 to FGFR in other tissues. Thus, high circulating FGF23 concentrations combined with decreased klotho expression could represent an especially cardiotoxic blend in patients with CKD. Alternatively, FGF23-induced LVH could be mediated by higher-affinity binding to specific cardiac FGFRs, such as FGFR4, which we and others detected in isolated cardiomyocytes and in total heart tissue (71). Unlike FGFR1-FGFR3, FGFR4 is capable of binding FGF23 with high affinity even in the absence of klotho, similar to the other endocrine FGFs in its subfamily, FGF19 and FGF21 (49, 72) . Additional studies are needed to determine which specific FGFR mediates the cardiac effects of FGF23. Although FGF23 and FGF2 induce a similar hypertrophic phenotype in isolated NRVMs, they use different downstream signaling pathways. FGF2-induced hypertrophy depends primarily on activation of ERK, whereas FGF23-induced hypertrophy is partially ERK dependent but primarily requires PLCγ-calcineurin-NFAT activation. The PI3K-Akt pathway appears to contribute only modestly to FGF2- and not to FGF23-induced hypertrophy. Based on these findings, we conclude that FGF23 and FGF2 cause pathological hypertrophy by activating different branches of canonical FGFR signaling in the heart (Figure 8 ). To our knowledge, this is the first study to identify an FGF that induces cardiac PLCγ-calcineurin-NFAT signaling, which is a classic signaling cascade in pathological LVH (58) . A recent report, in which cyclosporine attenuated LVH in uremic rats (65) that are known to have elevated FGF23 levels (66), lends further indirect support to the central role of this pathway.
In contrast to CKD, in which FGF23 levels rise as a secondary response to impaired phosphate excretion, X-linked hypophosphatemia (XLH) is a prototypical disease of primary FGF23 excess (73) . Data on cardiac structure in XLH are sparse and inconsistent, with one but not all studies reporting a high rate of LVH (74) . We can speculate several possibilities to reconcile these findings with ours. Patients with CKD are often older and harbor several cardiovascular risk factors. This could accentuate the prohypertrophic effects of FGF23 relative to XLH, which primarily affects children
Figure 7
Pharmacological inhibition of FGFR attenuates LVH in an animal model of CKD. (A) PD173074 attenuates the increases in left ventricular mass (by echocardiography) and cardiac weight/body weight that develop in 5/6 nephrectomized rats treated with vehicle (*P < 0.05, compared with sham; **P < 0.05, compared with 5/6 nephrectomy treated with vehicle). (B) Representative gross pathology sections (hematoxylin and eosin stain; original magnification, ×2.5; scale bar: 400 μm), M-mode echocardiography images, and WGA-stained sections (original magnification, ×63; scale bar: 50 μm) from the left ventricular mid-chamber at day 14 after 5/6 nephrectomy demonstrate that PD173074 attenuates LVH compared with vehicle. (C) PD173074 attenuates the effects of 5/6 nephrectomy to increase left ventricular anterior wall thickness and relative wall thickness (by gross pathology), to increase cross-sectional surface area of individual cardiomyocytes (by WGA staining), and to decrease ejection fraction and LV end diastolic volume (by echocardiogram; *P < 0.05, compared with sham; **P < 0.05, compared with 5/6 nephrectomy treated with vehicle). All values are mean ± SEM (n = 6 rats per group).
with few cardiovascular risk factors. Second, the magnitude of the increase in FGF23 levels is typically less dramatic in XLH than in CKD (30, 73) . Perhaps variably increased FGF23 levels in XLH might explain their variable manifestation of LVH. Finally, hypophosphatemia and severe phosphate depletion are associated with impaired cardiac function (75, 76) . Therefore, phosphate depletion in XLH could modulate the cardiac response to FGF23 relative to that in CKD, in which phosphate levels are normal to high. Additional studies are needed to explore these possibilities.
While many factors are involved in the complex pathogenesis of LVH, the results of this study indicate that FGF23 is one contributing molecular mediator. Given the strong association between LVH and future mortality (77) and the growing number of patients with CKD with elevated FGF23 levels and high rates of LVH, these data suggest that a component of cardiovascular risk in patients with CKD could be directly attributable to FGF23. However, quantifying the magnitude of effect of elevated FGF23 levels on LVH relative to that of other risk factors, such as hypertension, will require placebo-controlled randomized trials of FGF23 reduction. Our finding that blocking FGFR attenuates LVH in a classic animal model of CKD without altering the animals' severe hypertension suggests an important blood pressure-independent, cardiac effect of FGF23. These mechanistic data lend support for a randomized trial to test whether dietary phosphorus restriction or administration of phosphate binders that reduce FGF23 (78), or monoclonal antibodies or small molecules that block its actions (79) , can slow the progression of LVH, reduce cardiovascular events, and improve survival in patients with CKD.
Methods

Human study
Study population. The CRIC study is a multicenter prospective cohort study of individuals with non-dialysis-dependent CKD that is designed to identify risk factors for cardiovascular disease and progression of CKD (80) . A total of 3,939 participants aged 21 to 74 years, with estimated glomerular filtration rate of 20-70 ml/min/1.73 m 2 , were enrolled. Black and Hispanic participants were oversampled so that the CRIC population resembled the demographics of CKD in the United States. Participants were excluded if they were unable to provide consent, institutionalized, pregnant, or enrolled in other studies; suffered from polycystic kidney disease, New York Heart Association class III-IV heart failure, HIV, cirrhosis, or active malignancy; or underwent recent chemotherapy, immunosuppressive therapy, prior organ transplantation, or treatment with dialysis for more than 1 month. Complete data on baseline FGF23 levels and LVMI measured by echocardiograms that were performed 1 year later were available in 3,070 participants. There was no difference in the distribution of FGF23 levels between patients with and without data on left ventricular mass. Follow-up echocardiograms were available at a subsequent study visit in 411 participants who had normal left ventricular geometry on their baseline echocardiogram.
Assays. FGF23 was measured in duplicate after a single thaw of stored baseline plasma specimens using a second generation C-terminal enzymelinked immunosorbent assay (Immutopics). The total inter- and intraassay coefficient of variation was 7.6% at 308 RU/ml. Although this assay theoretically detects both intact FGF23 and its C-terminal fragments, since virtually all circulating FGF23 is intact, the C-terminal assay measures biologically active FGF23 (31) . We used liquid chromatography-mass spectroscopy to measure 25-hydroxyvitamin D levels and competitive chemiluminescent immunoassays to measure 1,25-dihydroxyvitamin D levels in 1,342 participants, using serum samples that were collected at the study visit when the first echocardiograms were performed.
Echocardiography. Two-dimensional transthoracic echocardiograms were obtained using standard American Society of Echocardiography protocols (81) . Studies were performed locally at each study site, recorded digitally, and analyzed at the Echo Core Lab at the University of Pennsylvania using dedicated software (Tomtec Inc.). Ventricular dimensions, wall thickness, and relative wall thickness were measured at end-diastole and end-systole using 2D techniques. Ejection fraction was calculated from measured diastolic and systolic volumes. Left ventricular mass was indexed to height 2.7 , as recommended by American Society of Echocardiography standards, and calculated from 2D images using the 5/6 area-length method (81) . LVH was defined as LVMI ≥ 50 g m -2.7 in men or ≥ 47 g m -2.7 in women (81) . Relative wall thickness was defined as 2 × posterior wall thicknessdiastole/ left ventricular internal diameterdiastole, with normal values < 0.45 (81) . Left ventricular geometry was categorized as normal (normal LVMI, normal relative wall thickness), concentric remodeling (normal LVMI, high relative wall thickness), eccentric LVH (high LVMI, normal relative wall thickness), or concentric LVH (high LVMI, high relative wall thickness) (81).
Figure 8
Schematic representation of FGF23 signaling in classic target cells and cardiomyocytes. In the kidney and parathyroid glands, FGF23 signaling requires FGFR and the coreceptor klotho. FGF23-klotho binding to FGFR stimulates autophosphorylation of the receptor tyrosine kinase and induces signaling through 3 major pathways: Ras-MAPK, PI3K-Akt, and PLCγ-PKC. FGF23 regulates phosphorus balance by altering expression of genes involved in parathyroid, vitamin D, and phosphorus metabolism. In cardiomyocytes, FGF2 signaling requires FGFR and heparan sulfate proteoglycans (HSP) as coreceptor and signals primarily through the Ras-MAPK pathway. Binding of FGF23 to FGFR on cardiomyocytes stimulates autophosphorylation of the receptor tyrosine kinase independent of klotho, which is not expressed in cardiomyocytes, and signals primarily through the PLCγ-calcineurin pathway. Whether HSP acts as coreceptor remains to be determined.
Statistics. We used linear regression to examine the association between lnFGF23 and LVMI and generalized logistic regression to simultaneously analyze the odds of eccentric and concentric hypertrophy relative to normal ventricular geometry. We modeled FGF23 on a continuous scale after natural log transformation was used to achieve normality and in quartiles that were defined by its distribution in the overall study population. We tested for linear trends across quartiles of FGF23 and used multivariable analyses to adjust for demographic, clinical, and laboratory characteristics and to test for effect modification by gender, race, ethnicity, CKD stage, diabetes status, and prior cardiovascular disease. Analyses were performed using Intercooled Stata 11, and P values of less than 0.05 were considered statistically significant.
Experimental studies
Growth factors. We used recombinant mouse FGF23 (6His-tagged Tyr25-Val251 [Arg179Gln]; 26.1 kDa), FGF2 (Ala11-Ser154; 16.2 kDa), and FGF4 (Ala30-Leu202) proteins (R&D Systems). We chose the mutant form of FGF23 because it is resistant to furin protease-mediated degradation, which prolongs the protein's half-life (82) . We confirmed in vitro biological activity of FGF23 by detecting increased levels of phospho-ERK and Egr-1 in response to treatment with FGF23 in HEK293 cells that transiently express FLAG-tagged klotho (data not shown), as has been done previously (26) . We confirmed in vivo biological activity of FGF23 by demonstrating decreased serum phosphate levels over 4 hours after a single intravenous injection of 40 μg/kg of purified protein dissolved in 0.5 ml of PBS in 3 male Sprague Dawley rats (Charles River; data not shown), as has been done previously (22) .
Primers. See Supplemental Table 1 (supplemental material available online with this article; doi:10.1172/JCI46122DS1) for primer sequences.
Isolation and culture of NRVMs. NRVMs were isolated using a standard isolation system (Worthington Biochemical Corporation) (83) . Hearts from 1- to 2-day-old Sprague Dawley rats were harvested and minced in calcium- and magnesium-free HBSS, and the tissue was digested with 50 μg/ml trypsin at 4°C for 20 to 24 hours. Soybean trypsin inhibitor in HBSS was added, and the tissue was further digested with collagenase (in Leibovitz L-15 medium) under slow rotation (0.1 g) at 37°C for 45 minutes. Cells were released by gently triturating the suspension 20 times with a standard 10-ml plastic serological pipette and filtering it twice through a cell strainer (70 μm, BD Falcon). Cells were incubated at room temperature for 20 minutes and spun at 100 g for 5 minutes. The cell pellet was resuspended in plating medium (DMEM [Cellgro] with 17% Media 199 [Invitrogen], 15% FBS [Invitrogen] , and 1% penicillin/streptomycin solution [P/S; Invitrogen]). Cells were counted using a hemocytometer.
Cells were plated on glass and plastic surfaces, which were coated with laminin (Invitrogen; 10 μg/ml in PBS) at room temperature for 1 hour prior to plating. For immunofluorescence analysis, 1 × 10 6 cells were seeded per well on glass coverslips in 6-well plates. For protein and RNA isolation, 2 × 10 6 cells were seeded in 6-cm culture dishes. Cells were left undisturbed in plating medium at 37°C for 72 hours and then cultured in maintenance medium (DMEM with 20% Media 199, 1% insulin-transferrin-sodium selenite solution [ITS; Sigma-Aldrich], and 1% P/S) in the presence of 100 μM 5-bromo-2′-deoxyuridine (BrdU; Sigma-Aldrich) to eliminate proliferating nonmyocytes, resulting in a relatively pure population of isolated cardiomyocytes (84) . After 4 days, isolated cardiomyocytes were cultured in BrdU-containing maintenance medium in the presence of recombinant murine FGF23, FGF2, or FGF4 for 48 hours.
RNA isolation and quantification. RNA was purified from isolated NRVMs using the RNeasy Kit (Qiagen) and from cardiac and renal tissue using 1 ml per 100 mg tissue TRIzol (Invitrogen) following the manufacturers' protocol. Prior to RT-PCR, total RNA samples were digested with DNase I (Roche), and RNA was transcribed into cDNA using SuperScript II (Invitrogen). For RT-PCR, 100 ng cDNA, AmpliTaq Gold DNA polymerase (Applied Biosystems), and sequence specific primers were used. Thirty cycles (95°C, 5 minutes; 53°C, 30 seconds; 72°C, 30 seconds) were run on a GeneAmp PCR System 9700 (Applied Biosystems), and reactions were analyzed on a 2% agarose gel. Ethidium bromide signals were captured with a Bio-Rad Gel Doc XR system and quantified by densitometry using ImageJ software (http://rsbweb.nih.gov/ij/). Values were normalized to GAPDH signals, and cDNAs from 3 independent experiments were analyzed. For nested PCR, 100 ng cDNA were used in the first run (15 cycles) with sequence-specific outside primers. Five percent of the reaction was used as template for the second run (25 cycles) with sequence-specific inside primers, and the total reaction was analyzed by agarose gel electrophoresis. Gene expression in rat tissue was analyzed by real-time PCR using the SYBR Green PCR Master Mix (Applied Biosystems), with the ABI PRISM 7700 Sequence Detection System. Relative expression values were evaluated with the 2 -ΔΔ Ct method using GAPDH as housekeeping gene.
Protein isolation and immunoblotting. NRVMs were scraped from a 6-cm plate using 400 μl CHAPS extraction buffer (20 mM Tris-HCl, pH 7.5, 500 mM NaCl, 0.5% CHAPS, protease inhibitor cocktail [Roche], protein phosphatase inhibitors [Sigma-Aldrich]) and incubated on ice for 15 minutes. The cell lysate was centrifuged at 21,000 g and 4°C for 15 minutes, and the supernatant was boiled in sample buffer and analyzed by SDS-PAGE and immunoblotting, as described before (85, 86) . For protein extraction from mouse hearts and rat liver, tissue was isolated, minced, and homogenized in CHAPS extraction buffer at 1:10 (w/v), and protein lysates were prepared as described above. Antibodies to sarcomeric α-actinin (EA-53; Sigma-Aldrich; 1:1,000), total (Cell Signaling Technology; 1:1,000) and phospho-ERK (Cell Signaling Technology; 1:1,000), total and phospho-Akt (Cell Signaling Technology; 1:1,000 and 1:2,000), and GAPDH (Abcam; 1:10,000) were used as primary antibodies, and horseradish peroxidase-conjugated goat anti-mouse and goat anti-rabbit (Promega; 1:20,000) were secondary antibodies.
Immunocytochemistry and morphometry. We analyzed isolated NRVMs on laminin-coated glass coverslips by immunocytochemistry according to our established protocols (85, 86) . The mouse monoclonal antibody against sarcomeric α-actinin (EA-53; Sigma-Aldrich) was used at 1:1,000, and Cy3-conjugated goat anti-mouse (Jackson Immuno Research) was used as a secondary antibody at 1:750. To visualize nuclei, fixed cells were incubated with DAPI (400 ng/ml in PBS) for 5 minutes. Immunofluorescence images were taken on a Leica TCS-SP5 confocal microscope with a ×63 oil objective with a ×1.6 zoom. Leica AF6000 fluorescence software was used to measure the cell surface area based on α-actinin-positive staining.
To assess the signaling pathways involved in FGF23- and FGF2-mediated hypertrophy, we analyzed the morphometry of plated cells that were pretreated with specific inhibitors for 60 minutes prior to the addition of the FGFs at varying concentrations. The following inhibitors and concentrations were used: pan-FGFR, PD173074 (Sigma-Aldrich) at 10 nM; ERK1/2, U0126 (Cell Signaling Technology) at 10 μM; ERK1, PD98059 (Cell Signaling Technology) at 20 μM; PI3K, wortmannin (Cell Signaling Technology) at 500 nM; Akt1/2, A6730 (Sigma-Aldrich) at 200 nM; PLC and A2, U73122 (Sigma-Aldrich) at 10 μM; calcineurin, cyclosporine A (Sigma-Aldrich) at 0.83 μM.
Myoblast NFAT reporter assays. C2C12 myoblasts that were stably transfected with the pHTS NFAT reporter vector (Biomyx) carrying a luciferase expression cassette under the control of 4 NFAT enhancer sites were a gift from Norbert Frey, University of Kiel, Kiel, Germany (59) . NFAT-luciferase-C2C12 cells in 6-well plates were maintained in DMEM containing 10% FBS, 2 mM l-glutamine, penicillin/streptomycin, and 200 μg/ml of hygromycin B for selection and starved in 0.5% FBS containing medium 16 hours prior to FGF treatment. Cells were incubated in FGF23 or FGF2 at 25 ng/ml for 60 minutes after pretreatment with or without cyclosporine A for 60 minutes. Chemiluminescence was detected and quantified in 1 × 10 5 cells using the Promega Bright-Glo assay according to the manufacturer's instructions and a Veritas Microplate Luminometer (Turner Biosystems). All experiments were conducted in triplicate.
Intramyocardial injections in mice. Twelve-week-old adult C57BL/6 mice (The Jackson Laboratory) underwent cardiac surgery using a standard operative procedure that has been described previously for intramyocardial implantation of stem cells (61) . All procedures were performed by a single investigator who was blinded to the specific treatment group. Briefly, mice were anesthetized with isoflurane, and an incision was made between the third and fourth rib to reveal a cardiac window. Three injections of purified recombinant murine FGF23 in PBS or PBS alone were delivered into the free wall of the left ventricle via a 30-gauge needle attached to a standing Hamilton syringe. At each of the 3 sites, 10 μl were injected for a total of 30 μl containing a total of 7.5 ng FGF23. Cardiac function was evaluated by Vevo 770 echocardiography imaging system (Visual Sonics) at baseline and 2 weeks after surgery. Long- and short-axis 2D parasternal views and short-axis M mode views were recorded under general anesthesia, with isoflurane inhalation delivered through a nose mask. The heart rate was maintained above 400 bpm, with controlled body temperature set to 37°C. At 7- and 14-days after injection, animals were sacrificed, and hearts were isolated, perfused ex vivo (6 ml of 10% formalin with 4 ml of 20 mM KCl), stored overnight in 10% formalin for fixation, and then serially sectioned (7-μm slices) and stained with hematoxylin and eosin. Age-matched untreated animals were sacrificed at 14 weeks of life.
Intravenous injections in mice. Twelve-week-old adult C57BL/6 mice underwent tail vein injections using standard protocols as previously described for the systemic delivery of plasmid DNA (87) . Briefly, mice were placed in a restrainer and 40 μg/kg FGF23 dissolved in 200 μl PBS were injected into the tail vein of 6 mice twice daily with 8 hours between injections for 5 consecutive days. Six mice underwent the same injection schedule using 200 μl PBS alone as negative control. On the morning of the sixth day, 16 hours after the final tail vein injections, animals were sacrificed, and the hearts were isolated and prepared using the same protocol as described above. The experiment was repeated with 6 additional animals per group. Since the results were similar in each experiment, combined results are presented.
Klotho mice. Klotho-deficient mice were generated with transgene integration into the klotho locus, leading to disruption of the 5′-flanking region and loss of expression as previously described (47) . We analyzed homozygous (kl/kl), heterozygous (kl/+), and wild-type mice. We measured blood pressure using a computerized tail-cuff system (BP-2000, Visitech Systems) in conscious animals. Mice were trained for 3 consecutive days in the prewarmed (98°F ± 0.5°F) tail-cuff device to familiarize them with the procedure, followed by measurements of blood pressure everyday for 5 days. During each procedure, 10 trial cycles were repeated, and then 10 cycles were recorded per test. Four successful procedures were performed daily, and mean results for each animal from 5 consecutive days were reported. Animals were sacrificed at 8 weeks (for RNA isolation) or 12 weeks (for morphometry) of age, and the hearts were isolated and prepared using the same protocol as described above.
5/6 nephrectomy model of CKD. Kidney disease was induced in Sprague Dawley rats using the 5/6 nephrectomy method as described previously (65) . Rats were randomized into 3 groups, with 6 animals per group: sham nephrectomy or 5/6 nephrectomy plus 14 daily intraperitoneal injections of vehicle (PBS) or PD173074 at 1 mg/kg/d, beginning 1 hour after surgery. High-resolution echocardiography (30 MHz) was performed at 14 days after surgery to assess wall and chamber dimensions, left ventricular mass, and left ventricular systolic function using an HDI 5000 Ultrasound system (Philips). M-mode, 2D, and 3D recordings were obtained under general anesthesia delivered through a nose mask while heart rate and body temperature were maintained. On day 14, animals were sacrificed, and the hearts were isolated and prepared for molecular, histological, and serological analyses, following the same protocols as described for mice. Expression levels of hypertrophic markers were determined by real-time PCR. We confirmed in vivo biological activity of PD173074 by detecting decreased levels of phospho-ERK in liver protein extracts by immunoblotting when compared with vehicle-treated animals.
Morphology and molecular analysis of mouse and rat hearts. Short-axis sections of hematoxylin and eosin-stained hearts were used to quantify myocardial thickness by measuring the distance from the inner to the outer myocardial edges at the mid-chamber zone. Mean left ventricular free wall thickness was calculated from 7 measurements of wall thickness taken at 0, 30, 60, 90, 120, 150, and 180 degrees along the hemicircle of the short axis of the free wall; the mean of 7 comparable measurements along the hemicircle of the short axis of the interventricular septum was used to calculate mean septal thickness. Since kl/kl mice display severe growth retardation with small hearts (47), we also measured relative wall thickness calculated as the ratio of 2 times the anterior wall thickness divided by left ventricular internal diameter; similar measurement were made on the 5/6 nephrectomized rats. Total RNA was isolated from flash frozen hearts using TRIzol (Invitrogen), and PCR analyses were performed as described above.
Fluorescence microscopy and morphometry. We measured cross-sectional surface area of cardiomyocytes in paraffin-embedded, short-axis sections of mouse and rat hearts. Briefly, 7-μm-thick sections were deparaffinized according to our established protocols (88) . To specifically label cardiomyocytes, we used mouse monoclonal MF20 antibody against sarcomeric myosin (The Developmental Hybridoma Band, University of Iowa, Iowa City, Iowa, USA) (89) at 1:200 and Cy5-conjugated donkey antimouse (Invitrogen) as secondary antibody at 1:400. To visualize nuclei, fixed tissue was incubated with DAPI (400 ng/ml in PBS) for 5 minutes. To visualize cellular borders, fixed tissue was incubated with WGA conjugated to Alexa Fluor 555 (Invitrogen) at 1 mg/ml in PBS containing 10 mM sodium azide. Immunofluorescence images were taken on a Leica TCS-SP5 confocal microscope with a ×63 oil objective. Leica AF6000 fluorescence software was used to quantify cross-sectional cell surface area of 25 cells per field in 4 fields along the mid-chamber free wall based on WGA-positive staining.
Serology. Blood was collected from mice and rats at sacrifice via cardiac puncture and was centrifuged at 4°C and 21,000 g for 15 minutes. Serum supernatants were collected, stored at -80°C, and subsequently analyzed in batches for FGF23 (C-terminal mouse assay, Immutopics); PTH (1-84 assay, Alpco Immunoassays); and 1,25-dihydroxyvitamin D, phosphate, calcium, blood urea nitrogen, and creatinine (Ortho Vitros 250 Chemistry Analyzer).
Statistical analysis of in vitro and animal data. Data are presented as mean ± SEM. Analysis of variance and t tests were used for statistical inference, with 2-tailed P values of less than 0.05 considered significant.
Study approval
The human study protocol was approved by the institutional review boards at each of the primary sites of the CRIC study (see Supplemental Methods), and all participants provided written informed consent. All protocols and experimental procedures were approved by the Institutional Animal Care and Use Committees at the University of Miami Miller School of Medicine (intramyocardial and tail vein injections in mice), the University of Texas Southwestern Medical Center (klotho mice), and the University of Münster, Münster, Germany (5/6 nephrectomy in rats).
